Neisseria meningitidis is a major cause of meningitis and septicemia worldwide, and meningococcal disease (MD) remains one of the most aggressive bacterial infectious diseases in humans. Only 5 of the 13 distinct N. meningitidis serogroups, which are determined on the basis of the immunochemistry of their capsular polysaccharides, are associated with invasive disease; of these, serogroups A, B, and C account for approximately 90% of all cases (42) . The disease mainly affects infants and young children, with case fatality rates being 10% to 15%, despite the availability of effective antibiotics. Although early diagnosis and antibiotic treatment greatly enhance survival, prevention through vaccination constitutes the best way to control meningococcal disease (21) .
Traditionally, isolates of N. meningitidis have been identified and characterized phenotypically on the basis of the recognition of meningococcal surface structures by specific monoclonal or polyclonal antibodies (2, 19) . While serogrouping, serotyping, and serosubtyping, based on the detection of variants of capsular polysaccharide, PorB and PorA, respectively, are still used extensively, they have often been found to lack resolution, especially when they are used to work with endemic strains (11, 51) .
The polysaccharide capsule is the major virulence factor of N. meningitidis; unencapsulated meningococci are essentially avirulent (52) . The development of comprehensive capsulebased vaccines has, however, been constrained by the poor immunogenicity of the serogroup B capsule (53) and by concerns over the antigenic similarity of this molecule with host sialic acids. Although the focus of vaccine development efforts for serogroup B has consequently been switched toward the meningococcal outer membrane proteins, the large degree of antigenic variation exhibited by these antigens as a result of the selection pressure imposed by the immune system has become the most important challenge to both serogroup B vaccine development and epidemiological studies. Understanding this variation in terms of the genetic structure of meningococcal populations is, therefore, of paramount importance for steering vaccine research and analyzing the present and future performance of existing vaccination approaches. Meningococcal populations are known to be genetically highly diverse. Many genotypes have been identified by the examination of housekeeping genes that are subject to selection for conserved metabolic function (8, 24, 28, 55) . These genotypes have been identified as electrophoretic types by multilocus enzyme electrophoresis (MLEE) (44) and, more recently, as sequence types (STs) by multilocus sequence typing (MLST) (28) . Population studies that exploit MLEE and MLST have identified equivalent groups of related genotypes that are referred to as clonal complexes (49) ; which are now named after a predominant, or central, ST. Isolate collections corresponding to populations of asymptomatically carried meningococci show the greatest genetic diversity, while most disease-associated meningococci belong to a limited number of clonal complexes known as hyperinvasive lineages (5, 7, 13, 24, 55) .
MD in Cuba has not been considered a public health prob-lem since the introduction of an outer membrane vesicle (OMV)-based vaccine (VA-MENGOC-BC) in the 1980s (16, 41, 46) . The incidence of MD in the country slowly increased from a reported figure of 0.1 cases per 100,000 inhabitants in 1962 to 1.8 cases per 100,000 inhabitants in 1978, with most cases caused by serogroup C isolates. In spite of nationwide vaccination in 1979 with a capsular polysaccharide A-C vaccine (Merieux Laboratories), the incidence rate continued to rise and was accompanied by a shift to predominantly serogroup B among disease-associated isolates. The peak of the epidemic occurred during 1983 and 1984, reaching a maximum incidence of 14.4 cases per 100,000 inhabitants; most cases at this point were caused by a single serogroup B clone. In the 1980s, research started in Cuba on an OMV-based serogroup B-C vaccine developed from the outer membrane antigens of the epidemic type strain (strain CU385) combined with serogroup C polysaccharide. The resulting formulation (VA-MENGOC-BC) was shown to be safe and effective, and in 1991 the vaccine was included in the National Immunization Program (NIP) for all infants (45, 46) . After its introduction in the vaccination campaign in 1989 (in which the population between 3 months and 24 years old was vaccinated), the overall incidence decreased to below 0.4 per 100,000 inhabitants by 2001 and to 0.1 cases per 100,000 inhabitants by 2008 (34) . Epidemiological studies conducted in Cuba have used typing methods based on phenotypic traits (30, 31) , which lack discriminatory power for the study of the genetic structure of bacterial populations or for monitoring of the changes during outbreaks and epidemics. The present study, therefore, was aimed at obtaining further information about the Cuban epidemic on the basis of the characterization by MLST of N. meningitidis strain isolates collected on the island during a 22-year period (1983 to 2005) and to use this information to begin trying to understand the impact of mass vaccination with the Cuban VA-MENGOC-BC vaccine on the genetic structure of the N. meningitidis population isolated from cases and carriers.
(Part of this study was presented at the 16th International Pathogenic Neisseria Conference, Rotterdam, The Netherlands, September 2008.)
MATERIALS AND METHODS

Bacterial isolates.
A total of 420 meningococcal isolates from patients with MD and healthy carriers were included in the present study, and all strains belonged to the Finlay Institute culture collection. The isolates were collected between 1983 and 2005 in different regions of Cuba, and they were preserved at Ϫ70°C. A complete strain list, including their phenotypic characteristics, sources, and places of isolation, is available under request. The set of strains comprised 167 isolated from disease cases and 253 obtained from healthy carriers (Table 1) .
Carrier strains were isolated in the course of several studies with healthy children or young adults ages 0 to 12 and 14 to 22 years, respectively, attending either kindergarten, primary school, high school, military schools, or university in Cuba at the time of recruitment. The selection criteria excluded individuals receiving any antimicrobial therapy during the 7 days before the sampling date or under any immunomodulatory treatment, such as immunosuppressive medication, and a signed informed-consent form was obtained beforehand from all participants or their parents, in the case of underage subjects. The samples were taken from the posterior nasopharynx and larynx with a sterile cotton swab and were immediately inoculated into Mueller-Hinton plates supplemented with 5% defibrinated goat blood and vancomycin-nystatin-colistin (VCN). The plates were transferred to a 37°C incubator within 2 h and remained at that temperature under a water-saturated 5% CO 2 atmosphere. Readings were performed at 24 and 48 h. Bacterial taxonomic identification was performed by conventional a Periods were defined according to the incidence of meningococcal disease in Cuba (34) methods and by use of the API NH system (bioMérieux). The design and implementation of the study complied with the ethical principles for medical research involving humans.
Serogrouping, serotyping, and serosubtyping. The isolates were serogrouped by latex agglutination with specific antisera (Difco). Serotypes and serosubtypes were determined by whole-cell enzyme-linked immunosorbent assay (1) with specific monoclonal antibodies provided by NIBSC (United Kingdom).
Preparation of chromosomal DNA. Meningococcal chromosomal DNA was prepared from bacterial suspensions by using an Isoquick nucleic acid extraction kit (Orca Research), following the instructions from the manufacturer.
MLST. All the isolates were characterized by MLST by the method previously described by Maiden et al. (28) . The primers used for amplification and sequencing of the housekeeping genes are reported on the Neisseria MLST website (http://neisseria.org/nm/typing/mlst/). All nucleotide sequences were determined directly from the PCR products. Termination products were generated by cycle sequencing with the appropriate primers and BigDye Terminators (Applied Biosystems), and the products were separated with an ABI Prism 377 XL automated DNA sequencer. Housekeeping alleles and sequence types were assigned by interrogating the MLST database (http://mlst.zoo.ox.ac.uk).
Data analysis. STs were assigned to lineages with the program eBURST (18), which resolved lineages, defined as groups of strains in which each member shares at least four of the seven loci in common with a central ST. The overall mean distances for each of the seven genes and concatenates were calculated by using the Kimura two-parameter model in the Molecular Evolutionary Genetics Analysis software package, version 3.1 (MEGA 3.1) (25) . By using MEGA 3.1, pairwise comparisons were performed with each set of aligned sequences to identify distinct alleles and segregating sites. The number of synonymous and nonsynonymous nucleotide substitutions and the p distances (pS and pN, respectively) were calculated as overall means by the method of Nei and Gojobori (37) in the MEGA 3.1 program. Statistical analyses of the results obtained by MLST were performed by using the START software application (23) . The relationships among the STs were determined by constructing a distance matrix of allelic mismatches. Each locus difference was treated identically, in that no relationships among the different alleles were assumed. The different lineages in the sample were then resolved from the clusters obtained when this distance matrix was visualized by split decomposition analysis with the program SplitsTree, version 4 (20) .
RESULTS
ST assignment and diversity of MLST genes. We analyzed 420 isolates: 167 isolated from cases with MD and 253 from carriers (Table 1) . A total of 63 STs were identified by MLST analysis within this sample of Cuban isolates (Fig. 1) . Thirtytwo of the STs identified in this study have not previously been found in the MLST database (http://pubmlst.org/neisseria) and were registered as ST-6365 to ST-6376, ST-6378 to ST-6381, ST-6389, ST-6437 to ST-6440, ST-7085, and ST-7086. Fifty of the total STs were successfully assigned to 12 clonal complexes; 13 could not be assigned to any known clonal complex and are denoted here as unassigned (UA) STs. The four most frequent clonal complexes were ST-32 with 246 isolates (58.6%), ST-53 with 86 isolates (20.5%), ST-41/44 with 36 isolates (8.6%), and ST-103 with 11 isolates. Each of the eight remaining clonal complexes occurred at a frequency of less than 2.0%.
The total number of alleles present at each locus for the set of 420 isolates, separated according to the source of isolation, is shown in Table 2 , together with the number of polymorphic sites present at each locus, the number of alleles, the mean p distance, and the proportion of nonsynonymous to synonymous nucleotide substitutions (pN/pS). A comparison of the variables reported in Table 2 between disease-associated and healthy carrier isolates showed some differences in the mean p distance and the nonsynonymous-to-synonymous nucleotide substitution ratio for some alleles. The number of alleles present at each locus for the disease isolates ranged from 9 for adk to 14 for abcZ, pdhC, gdh, and pgm; and the numbers were relatively similar for the carrier isolates (from 8 for fumC to 16 for abcZ). While the diversity of the alleles present at each locus was similar for both invasive and carrier isolates, they did not represent the same population, as there were multiple alleles unique to each data set ( Table 2 ). The mean p distances confirmed the higher degree of sequence diversity for carrier isolates than for bacteria that caused disease.
The pN/pS ratio was calculated as a measure of the degree of selection in the population. The pN/pS ratio was calculated for all seven loci, and for most of them it was Ͻ0.15 (Table 2) . However, the pN/pS ratios for the aroE locus (mean 0.32) could indicate that the degree of selection is not as strong as it is for typical housekeeping genes.
Phenotype diversity among the clonal complexes. Among the 342 strains that were phenotypically characterized in this study, 149 were isolated from cases with meningococcal disease and 193 were isolated from asymptomatic carriers ( Table 3) . A group of strains (19%) was not classified by serological phenotype due to a lack of viability of the preserved bacteria. Among the isolates assessed, 255 (74.6%) were serogrouped as B, 5 (1.5%) as C, 2 (0.6%) as W135, and 1 (0.3%) as Z; the remaining 79 strains were nonserogroupable (NG) (23.1%). The distribution of serogroups across the total sample of invasive isolates was dominated by serogroup B, with 144 strains (96.6%), followed by serogroup C, with 5 strains (3.4%). Serogroup C strains were detected only between 1983 and 1989 (i.e., during the prevaccination period), and as expected for invasive isolates, no NG strains were identified in this subset. The phenotypic characteristics of the 193 strains obtained from healthy individuals are also shown in Table 3 . Serogroup B was also predominant among carriers, with 111 isolates (57.5%), followed by NG strains with 79 isolates (40.9%). Serogroup W135 and Z isolates were obtained only from carriers. These results corroborate previous findings that serogroup B was dominant in Cuba before and after the introduction of a serogroup B and C vaccine (31, 41) .
N. meningitidis B:4:P1.19,15 was the phenotype the most frequently identified (Table 3) , representing 63.2% of all typed strains; this is the same serologic classification of type strain CU385, used to produce the Cuban serogroup B meningococcal vaccine VA-MENGOC-BC. NG:NT:P1.NST (where NG is nongroupable, NT is nontypeable, and NST is nonsubtypeable) strains, found only in isolates from carriers, were the second (16.6%) in frequency. The remaining phenotypes were less prevalent among the set of typed isolates.
There was strong evidence for the association of certain clonal complexes with particular serogroups, although these associations were not absolute. For example, most of the ST-32-complex isolates were serogroup B (229 isolates, 93.5%); only 7 members of this clonal complex were nonserogroupable (2.9%) ( Table 3 ). The ST-53 complex was predominantly nonserogroupable (48 isolates, 55.8%). The only two serogroup W135 strains and the serogroup Z strain that were collected from carriers belonged to the ST-22 and ST-103 clonal complexes, respectively. For the rest of the clonal complexes, the distribution of serogroups was highly heterogeneous; however, these complexes are represented by a significantly lower number of isolates. 6368) were shared between carrier and disease-associated isolates, of which only one (ST-6368) has not been described previously. The genetic relationships between STs from diseaseassociated and carrier isolates are shown in Fig. 1 . The dendrograms of the 41 STs from disease isolates (Fig. 1a) and the 30 STs from carrier isolates (Fig. 1b) illustrate the genetic variety of the Cuban meningococcal population. As can be appreciated in the figure, the complexity of the carrier isolate sample is lower than that of the disease-associated strains (Fig. 1b) . Temporal distribution of Cuban STs and impact of vaccination. In this work and on the basis of the incidence of meningococcal disease in Cuba, we chose to partition our data into three periods ( Table 1) . As it is shown in Table 1 , there is a marked temporal structuring in the distribution of some STs and clonal complexes during the whole period under study. These differences could be due to the introduction of a serogroup B-C vaccine in the late 1980s. However, it was difficult to define a precise unique year that could be used to divide our data (into pre-and postvaccination periods, for example) and to make accurate inferences about the impact of the vaccination, since nationwide mass vaccination in Cuba with VA-MENGOC-BC was gradually implemented from 1989 to 1990 (95% coverage for the population between 3 months and 24 years old) until the current routine vaccination of infants started in 1991 (46) . In order to characterize the potential epidemiological impact of the vaccination with VA-MENGOC-BC and on the basis of previous results of Martínez et al. (31) , who characterized the phenotypes of N. meningitidis strains isolated from healthy carriers during a 20-year period (1982 to 2002) in Cuba, the first two periods described in Table 1 were combined into a single stage comprising the period from 1983 to 1992, denominated as the prevaccination and peak vaccination period. Accordingly, the years from 1993 to 2005 were included in the postvaccination stage. Other hypervirulent lineages were also detected among the isolates from this period; these were ST-8 (5 strains) and ST-11 (1 strain), both detected exclusively in disease-associated cases. Twenty-five novel STs were represented among strains from this period, of which 11 were associated with the ST-32 complex and 4 with the ST-41/44 complex.
As mentioned above, the collection from the postvaccination period (1993 to 2005) included 147 strains, 20 isolated from cases and 127 from carriers. Of these 147 strains, 135 were assigned to 14 STs and 12 isolates belonged to 9 novel STs (Fig.  1) . A high proportion of the strains isolated during this period belonged to the ST-32 and ST-53 complexes (52 and 56 strains, respectively). Six STs were detected among isolates from the ST-32 complex, and three of these were previously unknown. ST-33 was the most common ST among ST-32-complex strains, with 43 isolates. However, in the ST-53 complex, represented by a similar number of isolates, we detected only one ST, and almost all strains from this period were collected from carriers.
Although 62 of the isolates from the postvaccination period belonged to two hyperinvasive lineages strongly associated with endemic and epidemic meningococcal disease (the ST-32 and ST-41/44 complexes), most of these hyperinvasive clones were obtained from healthy carriers ( (Fig. 2d) from the postvaccination period.
DISCUSSION
In 1980, meningococcal disease was considered the main public health problem in Cuba, with the incidence reaching 5.9 per 100,000 population. The peak incidence was detected during 1983 and 1984, reaching a maximum of 14.4 per 100,000 population (46) . A nationwide intervention with VA-MENGOC-BC vaccination started in 1989, and since 1991 this vaccine has been included in the NIP for children 3 months of age. The mass vaccination campaign and the subsequent immunization of all infants have resulted in a sharp and sustained decline in the incidence of the disease, which was reduced to 0.1 per 100,000 population by 2008 (34) . Although VA-MENGOC-BC is a vaccine that was developed more than 20 years ago (46) , its influence on the genetic structure of the population of circulating meningococci was unknown. To our knowledge, this is the first report of a study that has used MLST to type N. meningitidis strains isolated in Cuba. Although the sample of N. meningitidis strains used in this study cannot be claimed to accurately represent the Cuban meningococcal population throughout the history of meningococcal disease in that country, it does, however, contain samples from two significant periods within the context of the most recent Cuban epidemic.
The epidemic in Cuba was largely caused, according to previous studies (31, 45) (Fig. 2) , reflecting the genetic variability of the B:4:P1.19,15 clones isolated in Cuba, which possibly facilitated their emergence during the epidemic period and/or their persistence after vaccination. Our results confirm that the findings obtained by phenotyping must, whenever possible, be complemented by genotyping methods if the full characterization of the available isolates is desired, as demonstrated previously (28, 48) .
The epidemiological impact of VA-MENGOC-BC vaccination has previously been reported to be a reduction in morbidity from meningococcal disease in Cuba (41) We illustrate here the changes in the structure of the meningococcal population that occurred during the same period of time, in terms of the variation of MLST genes and its associations. In agreement with the results obtained by the phenotypic characterization of carrier strains (31), our molecular study demonstrates that VA-MENGOC-BC affected the genetic composition of the carrier-associated meningococcal isolates. The number of isolates belonging to hypervirulent lineages decreased significantly after vaccination, and ST-53, a sequence type common in healthy carriers (12, 24, 55) , became the predominant ST. The few hypervirulent STs detected in carriers after vaccination were mostly collected during the earlier years of the introduction of the serogroup B and C vaccine. These results are important for assessing the effects of the introduction of meningococcal vaccines, since carriage studies are essential for understanding meningococcal spread and developing public health policy (9, 24) . It is important to note that this is a preliminary examination of the impact of vaccination in Cuba with VA-MENGOC-BC on the N. meningitidis population structure, and further studies should be conducted to define the precise time frame in which the vaccine redrew the meningococcal scenario in Cuba. For example, sequence characterization of the main epitopes of outer membrane proteins PorA, PorB, and FetA is being conducted with the same strain panel. However, some general conclusions deserve to be discussed. Among the strains collected from patients, there was a significant decline in ST diversity after the introduction of the vaccine; hypervirulent lineages ST-8 and ST-11 were no longer found during this period. From the splits-graph analysis of the association of hypervirulent STs during the postvaccination period (Fig. 2) , we showed that complex ST-32, the predominant complex responsible for the Cuban epidemic, underwent a reduction in the number of its ST variants. We also demonstrated that the ST-41/44 complex is completely different than it was during the period between 1983 and 1992 in terms of the associated STs and the lack of a defined relationship between them (Fig. 2c) , with only one disease isolate being detected after vaccination was introduced. The impact of the introduction of the vaccine on lineages other than complex ST-32 corroborates that VA-MENGOC-BC can confer protection against some serogroup B strains different from the vaccine type strain, as previously demonstrated by seroepidemiological and case-control studies (14, 32, 35, 38) . Importantly, most of the small number of cases that occurred after vaccination were caused by ST-33 strains (13 of 20 strains) with the same phenotype (B:4:P1.19,15) as the VA-MENGOC-BC vaccine strain. The prevalence of this phenotype after the introduction of the Cuban vaccine has previously been reported in Cuba (40) and Brazil (3, 13) . However, in Cuba, where VA-MENGOC-BC is used systematically, the vaccine has had a dramatic impact on the morbidity and mortality from the disease (41) . In Brazil, only a proportion of the population was vaccinated in response to specific epidemiological situations (14, 33, 38) , a fact that could explain the persistence of antigenic variants of the ST-33 epidemic strain. The availability of additional information about the PorA, PorB, and FetA variable regions (22, 50) and pulsedfield gel electrophoresis patterns (10) will increase the discriminatory power of our analysis for the sample of invasive meningococci, in particular, for those collected after vaccination.
Fine typing has been employed to evaluate the impact of mass anti-serogroup C vaccination on the risk of emergence of escape variants within the ST-11 clonal complex between the pre-and postvaccination periods in France (26) . MLST and phenotyping have also been used to help evaluate the impact of serogroup C conjugate vaccines on meningococcal carriage in the United Kingdom (29) . That combined study demonstrated that the composition of the population of meningococcal isolates recovered from carriers remained essentially unchanged, with the exception of serogroup C ST-11-complex bacteria. The strong impact of vaccination on the carriage of ST-11 complex serogroup C could be attributed to high levels of capsule expression. In the United Kingdom, the prevalence of carriage of the meningococci most commonly associated with serogroup B disease was unaffected by the introduction of vaccine (29) . Our results are the first obtained by use of the MLST approach to evaluate the impact of an OMV-based vaccine on the genetic structure of a meningococcal population. This type of vaccine has recently been used to combat a clonal epidemic in New Zealand (39) , and OMV-based vaccines are still in development by either the use of genetically modified meningococci or the addition of recombinant antigens (27) . The epidemic of disease in New Zealand was attributable to the clonal expansion of strain type B:4:P1.7-2,4, which belongs to the ST-41/44 clonal complex (17) . The stability of the P1.7-2,4 PorA protein (15) and the results of our study suggest that the epidemic in New Zealand may be controlled by a strain-specific OMV vaccine.
A comparison of our results with those from other studies deserves further comments. First, data collected in several European countries indicate that carrier populations are more diverse than isolates from patients and have relatively low levels of representation of hyperinvasive lineages (24, 55) .
However, during the prevaccination and peak vaccination period (1983 to 1992), the number of alleles per MLST locus was greater for disease-associated isolates than for strains from healthy carriers (data not shown). The greater diversity during this period of disease-associated isolates was probably due to extensive recombination which occurred among circulating strains, as suggested by the split decomposition analysis (Fig.  2a and c) . Second, the most frequent hypervirulent clonal complexes identified here, i.e., ST-32 (ET-5 complex) and ST-41/44 (lineage III), have also been identified to be the most abundant among the meningococcal population from other Latin American countries (13) . Complex ST-32 has been reported to cause numerous outbreaks worldwide and has a tendency to cause hyperendemic disease, which has an increased incidence of septicemia and a high death rate (36) . Strains of lineage III are known to be responsible for the increased incidence of meningococcal disease in European countries (6, 43) and for outbreaks in China (54) and Japan (47) . Therefore, the continuous monitoring of circulating strains of these complexes in Cuba, mainly in healthy carriers, is mandatory if eventual meningococcal outbreaks are to be prevented.
To our knowledge, this is the first analysis of Cuban meningococcal isolates by molecular methods and the first application of MLST for the preliminary analysis of the epidemiological impact of extensive and systematic immunization with a serogroup B vaccine. Furthermore, our results can be used to improve the continuous monitoring of the distribution of the circulating meningococcal strains in Cuba in the postvaccination era. This study also confirms the original concept that sequence typing methods are important for evolutionary analyses and for examining meningococcal transmission and evolution and the impacts of vaccines on meningococci (4, 28) .
